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USING OXYGEN ISOTOPE ANALYSIS AND A MULTI-ISOTOPIC APPROACH 
IN DETERMINING THE REGION OF ORIGIN OF HUMAN REMAINS 
CHRISTOPHER J. ECK, JR. 
ABSTRACT 
 Multi-isotopic approaches have been used effectively to help provide estimated 
geographic origins for unidentified skeletal remains in cold case homicides and 
archaeological contexts, when DNA testing was not practical. Stable oxygen and 
strontium isotopes were used in the present study in order to determine their effectiveness 
of proveniencing human remains from Colombia and New England. Enamel 
hydroxyapatite was extracted from individual teeth (n=151) from individuals with known 
birthplaces for different regions of Colombia as well as the region of New England in the 
United States. All oxygen data is presented as a ratio of δ18O /δ16O (‰PDB). The results 
show significant geographical differences (p ≤ 0.001), between the Colombian and New 
England populations. The mean δ18O value for Colombia is -11.06 ± 1.28. The mean 
87Sr/86Sr value for Colombia is 0.707391 ± 0.0016. The mean δ18O value of the samples 
from the United States is -7.42 ± 1.39. The mean 87Sr/86Sr value for the samples from the 
United States is 0.7099747 ± 0.0011. The oxygen and strontium ratios of the sample set 
have no significant differences within each geographic region. Additionally, a small 
subset of the immigrant community in Boston, MA is represented within the sample. 
There is a significant difference (p ≤ 0.002) in the population’s mean δ18O values. The 
establishment of this oxygen and strontium isoscape has the potential to provenience 
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unidentified human remains recovered as a result of Colombia’s long-term internal 
conflict. 
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INTRODUCTION 
Isotopes are variants of chemical elements with differing atomic masses. 
Increasing or decreasing the number of neutrons within the nucleus of an element 
produces chemical isotopes. When additional or absent numbers of neutrons are 
combined to the fixed number of protons of an element, the atomic mass is permanently 
changed. A neutron shift has no effect on the numbers of protons and electrons within an 
element, thus elemental chemical behavior will remain unchanged. Since their discovery 
in 1913 [1], stable isotopes have been used by the scientific community to examine 
questions related to temporal and spatial changes in global climate, geology, and human 
and animal diet and mobility. The fundamental understanding of isotopic variation across 
landscapes begins with Earth’s formation history and the assertion that all stable isotopes 
measured today were randomly distributed throughout the Earth’s crust during the 
planetary formative period [2].  
The isotopic diversity within the Earth’s crust can be utilized to investigate 
mobility patterns of both humans and animals. Terrestrial organism’s tissues will share 
similar naturally occurring isotopic ratios found within the soil, water and rocks within 
the environments in which they live. In 1964 Dansgaard [3], recognized the relationship 
of hydrogen and oxygen isotopes within the water cycle and interpreted a linear 
relationship between precipitation and average annual air temperature as the primary 
factor dictating spatial variation of hydrogen and oxygen isotopes. [4]. Isotopic 
composition in geological parent materials and meteoric water sources varies across 
landscapes and can be mapped in order to create what we know as isoscapes or the 
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relative levels of a specific isotope’s natural ratio within a geological region [5-7]. 
Forensic anthropologists can apply these isoscapes individually or in concert. Isoscapes 
of light isotopes, such as carbon (C), oxygen (O), nitrogen (N), and hydrogen (H), and 
heavy isotopes, i.e., strontium (Sr) and lead (Pb), can establish a geographic regional 
mean value. By sampling biological tissues of humans and animals and comparing 
discovered values with geographical regional means a relationship can be established 
between an individual and a regions geology. Employing a fundamental understanding of 
isotopic chemistry, human growth and development, and the relationships of the 
metabolic pathways of terrestrial animals, forensic scientist can correlate individual sets 
of human remains with geological regions consistent with their adolescent life and 
residential histories [2, 8-22]. 
Oxygen is known to have three naturally occurring stable isotopes: 16O, 17O, and 
18O with 16O being the most naturally abundant, (~99.762%) citation. A ratio of 16O/18O 
in parts per million (‰) is commonly reported as the difference of the Vienna Standard 
Mean Ocean Water (VSMOW) and Standard Light Antarctic Precipitation (SLAP), 
which constitutes standard notation when reporting environmental or substance content 
[23]. Stable oxygen isotopes can naturally occur throughout the hydrosphere within 
meteoric water sources, ground water and aquifers, fresh water streams, rivers, oceans, 
glacial discharge and as gaseous CO2 in the atmosphere [23]. The exchange of these 
isotopes through soil inundation and the subsequent uptake of water by terrestrial 
vegetation together create the environmental isoscapes of stable oxygen isotopes [24, 25].  
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Dansgaard (1964: [3]) developed the equation: δ18O = 0.695T -13.6, which shows 
that as oxygen isotopic ratios in precipitation become more positive, the average air 
temperature also rises [4]. The relationship between regional topography and climactic 
factors like temperature create an effect within the environment known as mass-
dependent isotopic fractionation. Mass-dependent fractionation ensures that within the 
hydrological cycle oxygen isotopic ratios will vary spatially across landscapes and 
provide quantifiable ratio variations, which can be utilized in mobility and proveniencing 
studies [6, 24-29].  
Surface water, commonly utilized by humans and animals for drinking, is often 
collected within natural or artificial reservoirs, which are recharged by rivers, streams, 
and rainfall. For example, in Massachusetts, the Massachusetts Water Resource Authority 
(MWRA) supplies tap water to 48 communities including 42 within the city of Boston 
from two large reservoirs located in the Ware River Watershed, the Quabbin Reservoir 
and the Wachusett Reservoir [30]. In contrast, in Colombia, the various departments rely 
primarily on large river systems, such as the Cauca, Magdalena, and Meta; as well as 
rainwater catchment systems to supply drinking water to both urban and rural areas [31]. 
Unfortunately these river systems are heavily trafficked and can potentially be polluted 
which can have adverse health implications for consumers and for oxygen isotopes [26, 
29, 31].  Kinetic isotope fractionation of stable oxygen isotopes can occur through 
unidirectional chemical reactions that permanently change the 16O/18O ratios [29]. 
Pollution of meteoric, river and groundwater may have an irreversible effect on source 
oxygen ratios [4, 29]. Additionally kinetic isotope fractionation can occur in the 
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continental supermarket as the global food dynamic increases reliance on processed food 
and water sources [16].  
  The dentition of both humans and animals is widely utilized for collecting 
isotopic samples due to the ability of tooth enamel during its development to incorporate 
stable isotopes into its inorganic and organic structure [17, 32-35]. During amelogenesis 
or development of enamel, δ18O isotopes are readily substituted for oxygen atoms from 
local meteoric water sources and foods consumed by humans [17]. The natural porosity 
of bone and dentin make these substances susceptible to taphonomic diagenesis from the 
environment after deposition [36, 37] and therefore support the popular use of enamel as 
an isotopic residential and region of origin proxy due to its nonporous nature [14, 34, 38-
44]. The resiliency of enamel to destructive physical and chemical agents allows the 
stable oxygen isotope ratios to preserve the meteoric water isotopic signature of a 
particular geographic region incorporated within its structure [8, 17, 28].  Studies 
utilizing enamel hydroxyapatite as an isotopic proxy must incorporate the possibility of 
intra- and inter- oxygen ratio variability due to differing formation and eruption times of 
teeth [33]. 
Forensic anthropologists have utilized multi-isotopic approaches to provide 
geographic regions of origins for unidentified cold case and homicide victims [12-14, 22, 
38, 39]. When combined with material culture [38, 39], oxygen isotopic analysis can 
corroborate their meaning or strengthen a particular estimated region of origin. Once a 
geographic region of origin is established, the potential for more precise and region 
5 
targeted methods of identification can be implemented such as facial approximation [13], 
consultation with local missing persons reports or interview transcripts, in conjunction 
with osteological analysis and the construction of a biological profiles, will effectively 
narrow potential search areas and populations [13, 14, 22, 39].  
However, in many cases a limited knowledge of environmental isoscapes could 
hinder the effectiveness of isotopic analysis [14]. Unidentified human remains excavated 
from clandestine burials associated with the long-term sociopolitical conflict are routinely 
found throughout Colombia [45-47]. Since 1985, roughly 25,000 violent deaths have 
occurred each year in Colombia as the result of a greater complex systemic failure of 
government policy and control over the illegal drug and oil economies and lack of control 
over armed militant forces [45]. The identification of the victims of this crisis poses one 
of the greatest humanitarian and human rights challenges for Colombian forensic 
scientists. DNA sampling and canvasing is too expensive and ineffective without a one-
to-one correspondence with known databases of primarily rural and disenfranchised 
individuals who have lost family to violent crimes [46]. Stable isotope analysis could 
potentially aid in determining the regions of origins of previously unidentified human 
remains found within Colombia in the aftermath of the Colombian conflict by narrowing 
the potential departments of origins of unidentified remains. The purpose of this study is 
to establish a known level of variation in stable oxygen and strontium isotopic ratios 
within and between Colombia and New England. Ok New England seems out of place 
here – you have to explain why New England is part of the sample. Also, you need to go 
more into what the conflict in Colombia was all about – a paragraph should suffice – but 
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you have to explain briefly what the issues were/are that have led to a preponderance of 
remains, approximately how many bodies there are, how many are unidentified, which 
departments/regions of the country have been most affected with # of victims, etc. That 
would set up the reason for doing the study in the first place. Also, DNA is being done in 
Colombia so you can’t say that it’s too expensive. They have quite a sophisticated DNA 
analysis set up. It’s not without its issues, but perhaps for our purposes here we could just 
say that the isotopic analysis would be an additional tool, in cases where DNA can’t be 
sequenced or where the DNA revealed no matches.  
MATERIALS AND METHODS 
 A total sample of 151 teeth from several distinct populations and sources was 
utilized [48, 49]. Thirty-five teeth were procured through the Anatomical Gifting 
Program (AGP) in the department of Anatomy and Neurobiology at Boston University 
School of Medicine. Recorded patient histories, age, sex, date of death or extraction and 
birthplace information were available for these teeth. An additional 43 teeth were 
acquired from individual patient donations after extractions performed by Dr. Steven 
Bookless of the Boston Medical Center Oral and Maxillofacial Surgery Center. This 
study was conducted with the approval of the Boston University School of Medicine 
Institutional Review Board. Individuals from these two samples included a broad range 
of birthplaces within the Northeastern United States, Central America, the Caribbean 
Islands, West Africa, and Europe [48]. The second set of 73 teeth were recovered from 61 
individuals with birthplace origins in eight different departments in Colombia, donated by 
the Colombia Skeletal Collection in Medellín, Colombia [49]. 
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A previous study analyzed strontium 87Sr/86Sr ratios for these teeth and the 
protocol is reported there [48, 49]. Preparation for oxygen isotope extraction from the 
sample teeth was conducted in the Forensic Anthropology Laboratory at Boston 
University School of Medicine. The methodology for enamel hydroxyapatite preparation 
followed Balasse et al. (2002: [35]). The individual teeth were placed into a Fisher 
Scientific FS6 Sonication Instrument immersed in a Millipure system distilled water bath 
for 5 minutes. The teeth were then allowed to dry after sonication. Using a prepared 
space and a standard aluminum foil and 3’x3’ weight paper catchment system 10 to 15 
mg of enamel powder was removed from each tooth using a Dremel Stylus Lithium-Ion 
drill, Model 1100, fitted with a Dremel Diamond Point Bit, Model 7103. Drilling was 
carefully executed from the top of the crown to the cementoenamel junction to retrieve an 
accurate residential chronology [33, 35]. Between sample collections from individual 
teeth, the diamond bit was flushed with standard 70% Isopropyl Alcohol and dried. Using 
a OHAUS Adventurer-Pro Balance each empty 250 ml micro centrifuge tube was 
weighed and recorded. The enamel powder collected on the weight paper was funneled 
into each micro centrifuge tube with its corresponding sample number. The enamel 
powder was then added to the micro centrifuge tubes individually and weighed with the 
difference being subtracted from the empty weight to arrive at the desired sample weight 
of between 10 to 15 mg of enamel powder.  
Directly following the drilling of the desired run of samples, the enamel powder 
was then washed with a 2-3% NaClO and distilled water solution, vortexed, covered with 
aluminum foil and placed in a fume hood for a period of no less than 24 hours. 
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Immediately following the base wash each sample’s pH was rebalanced using a four 
cycle distilled water rinse. For each cycle, distilled water was added to the micro 
centrifuge tubes, vortexed, and revolved on a Beckman 18 cartridge Micro centrifuge Lite 
for five minutes. The distilled water was then decanted from the enamel powder and the 
washes continued until the fourth, where the last drop of distilled water was drained from 
the sample using a 200µl Standard Micropipette tip.  
Once the enamel powder pH was rebalanced a reaction treatment with 0.1 ml of 
acetic acid/0.1 mg of sample was initiated. The acetic acid and the enamel powder was 
again vortexed, covered by aluminum foil and placed in a fume hood for exactly four 
hours. Directly after the four hour acid wash the pH of the samples was again rebalanced 
with the same four cycle distilled water wash as discussed after the base wash. Upon 
reaching the fourth cycle the last droplet of acetic acid solution was pipetted out using a 
200µl Standard Micropipette tip. The micro centrifuge tubes remained open and were 
loosely covered by aluminum foil and placed in a standard chest freezer for 
approximately 30 minutes. After the freezing stage the samples were immediately 
transferred into a Pyrex Glass Vacuum Canister, which was lined with hydrophilic Silica 
Gel Beads, and sealed overnight. Once the vacuum process was complete and the 
remaining water within the samples had been eliminated the enamel hydroxyapatite was 
purified.   
The samples were taken to the Boston University Stable Isotope Laboratory on 
the Charles River Campus and thermally decomposed within the Isotope Ratio Mass 
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Spectrometer (IRMS). This produced an oxygen ratio based on the amount of δ16O and 
δ18O isotopes present within the released carbon dioxide. The standard samples used in 
calibrating the oxygen ratios was Carera Z δ18O (V-PDB) = -1.30 and NBS-20 δ18O (V-
PDB) = -4.14. The oxygen data from the IRMS is reported in parts per million (‰PDB) 
the difference of PeeDee Belemnite (PDB) and Vienna Standard Mean Ocean Water 
(VSMOW) given the Standard Light Antarctic Precipitation values [15, 18, 35, 50]. 
Environmental isoscapes are limited for Colombia and were not used in the statistical 
analysis for comparison with the sample’s isotopic ratios. Multivariate and one-way 
analysis of variance combined with scatter plotting of significant means relationships was 
conducted using Microsoft Excel for Mac 2011 and the statistical software package SPSS 
by IBM.  
RESULTS 
 The resulting raw δ18O and 87Sr/86Sr values are reported in Tables 1 & 2. 
Descriptive statistics of populations of interest are reported in Table 3. Table 1 consists of 
the BUAGP cadaver extraction sample numbers BU-US 44-77 and the Oral Surgery 
Center extractions samples BU-US 1- 43. Table 2 reports the Medellín, Colombia 
Skeletal Collection samples BU-C 78-151. In addition to the raw δ18O data, the 
previously obtained 87Sr/86Sr raw values for all three collections are reported in tangent 
with the oxygen data. Each individual had an accompanying health record, which 
reported birth regions, sex, age, and dates of death or tooth extraction information.  Using 
the same samples this study was able to expand on the previous strontium isoscapes for 
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both New England and Colombia by adding an oxygen isoscape covering both locations 
and sample sets.  
 A multivariate analysis of variance was conducted on the entire data set to include 
the newly reported oxygen data and the previously reported strontium data. The variation 
between the New England and Colombian samples was found to be significant with a p 
value of ≤ 0.001 for both 87Sr/86Sr and δ18O. The estimated marginal means are depicted 
in Figure 1. 
 
Figure 1. Estimated Marginal Means of δ18O, n=151 
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A one-way analysis of variance was completed for samples from individuals born 
in the United States (n=55). The resulting δ18O and 87Sr/86Sr means of the United States 
sample are δ18O = -7.42 ± 1.39 and 87Sr/86Sr = 0.7099747 ± 0.0011.  The p values of the 
United States δ18O and 87Sr/86Sr are δ18O = (p = 0.604) with an F statistic equal to 0.866 
and 87Sr/86Sr (p = 0.462) with an F statistic equal to 1.014.  No significant variation in the 
δ18O or 87Sr/86Sr values was found between sampled individuals with geographic origins 
within the United States.  
A one-way analysis of variance was completed for the samples (n=74) from 
Colombia. The mean results of both δ18O and 87Sr/86Sr are δ18O = -11.06 ± 1.28 and 
87Sr/86Sr = 0.707391 ± 0.0016. The p values of the Colombian δ18O and 87Sr/86Sr are (p = 
0.103) with a F statistic of 1.797 for δ18O and (p=0.98) with an F statistic of 0.22 for 
87Sr/86Sr. There was no significant variation found between the individuals with 
geographic origins within Colombia in either the δ18O or 87Sr/86Sr values. 
A scatter plot was created from the combined δ18O and 87Sr/86Sr values from the 
Colombian department of Antioquia and the state of Massachusetts individual samples. 
These two geo-locations were chosen from the greater sample because of their larger 
sample sizes within the data set, Antioquia (n=62) and Massachusetts (n=34). The r2 
values of both of the regions are depicted in the plots as lines of best fit. Two polar 
clusters of individuals from Antioquia and Massachusetts result in a significant difference 
in both the δ18O and 87Sr/86Sr values shown in Figure 2. The outliers of the combined 
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sample make up only approximately 6% of the total populations represented. The 
combined sample contains approximately 64% of the total sample population between the 
United States and Colombia. 
 
Figure 2. Antioquia and Massachusetts δ18O and 87Sr/86Sr Values 
 
A one-way analysis of variance was performed focusing on the Boston, MA 
international communities in order to determine the level of isotopic variation within the 
intercity immigrant populations in the sample. These groups include individuals with 
birthplace origins of Cape Verde, the Dominican Republic, El Salvador, Guatemala, 
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Haiti, Honduras, and Jamaica. A one-way analysis of variance was completed for the 
samples (n=16) from the Boston, MA immigrant communities. The mean results for both 
δ18O and 87Sr/86Sr are δ18O = -6.5013 ± 1.32 and 87Sr/86Sr = 0.707955 ± 0.0012. The p 
values for the Boston, MA immigrant community’s δ18O and 87Sr/86Sr are (p≤0.002) with 
an F statistic of 9.718 for δ18O and (p=0.352) with an F statistic of 1.287 for 87Sr/86Sr. 
There is a significant difference in the mean δ18O values for the Boston, MA immigrant 
community samples but no significant difference in the 87Sr/86Sr of the same sample. 
Figure 3 presents distinct clusters of individuals from Haiti and the Dominican Republic, 
individuals from Cape Verde and individuals from Guatemala. This plot depicts the 
significant differences in δ18O values of these urban immigrant communities.  
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Figure 3. Boston International Communities δ18O and 87Sr/86Sr Values 
 
 
DISCUSSION 
 
 The multivariate analysis of variance conducted on the entire sample showed a 
significant difference between the sample means of New England and Colombia. The 
meteoric water sources available within these geographically distinct regions, as well as 
the treatment procedures of available consumable water, vary significantly between each 
country. Ingestion of polluted water and processed foods, potentially influenced the 
oxygen ratios, positively or negatively, presented in this study due to the process of 
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kinetic isotope fractionation within the environment prior to consumption. However, 
given the vast geographic distance of the Northeastern United States and Colombia those 
differences are likely negligible in terms of variation within this sample set.   
When comparing the significance between the means within the United States and 
Colombia the sample is homogenous in both δ18O and 87Sr/86Sr. Previous studies have 
found significant heterogenic differences in 87Sr/86Sr values within the United States 
which is not reflected within this sample citations – cite those previous studies. The lack 
of heterogeneity in the 87Sr/86Sr data may be due to the statistical analysis used, 
combining data from individuals with regions of origins primarily in the Northeastern 
United States. Furthermore, as previously discussed, individuals from the state of 
Massachusetts and the city of Boston share a similar water supply originating in the Ware 
River Watershed. Conversely, in metropolitan areas of Colombia water is supplied from 
adjacent river systems and rainwater catchment infrastructure, which can further 
normalize oxygen ratios. Populations relying on reservoirs and rivers obtain 
approximately the same isotopic ratios from drinking water and that would be nearly 
equally represented in consumer tissues even after metabolic incorporation. Additionally, 
the low sample sizes may contribute statistically, with the exception of Massachusetts or 
Antioquia, to the homogeneity of δ18O and 87Sr/86Sr within the sample.  
There is a significant relationship between the δ18O and 87Sr/86Sr values of the 
two largest regions in the sample, the department of Antioquia and the State of 
Massachusetts. Figure 4 clearly shows two distinct clusters that suggest based on 
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individual δ18O and 87Sr/86Sr values alone it is possible to provenience an unidentified set 
of human remains originating in either location.  
 Interestingly the relationship between the established immigrant populations 
within the sample was shown to have significant differences in both δ18O and 87Sr/86Sr 
values. Boston, Massachusetts is home to many international communities of which first 
generation immigrants have settled. Specifically, Latin American individuals from 
countries like El Salvador and Honduras and Caribbean islanders from Jamaica, Haiti and 
the Dominican Republic maintain a high presence in Boston. Additionally, immigrants 
from Cape Verde have also maintained a large population presence in Boston. The 
sample sizes for these populations is small but the preliminary data shows that it may be 
possible, in a forensic setting, to provenience these individuals. Given the large number 
of refugees that are immigrating to the United States particularly from Latin America, 
this finding may aid in the identification of unknown decedents believed to be 
immigrants. The unique ancestries of these communities may overlap but their isotopic 
signatures remain distinct. A larger sample size from these populations will be required to 
corroborate these findings but these results are promising for future consideration.     
 
CONCLUSION 
 A more diverse interdepartmental Colombian sample is needed to address 
possible further variation within the isoscape. If δ18O and 87Sr/86Sr values exhibit 
homogeneity in other sample sets, additional isotopes from the growing isoscapes within 
Colombia may be needed to substantiate future attempts at proveniencing individuals. It 
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would be difficult given these similarities to provenience locals within Colombian 
departments using oxygen or strontium alone. The conflicts within Latin America and 
Colombia have driven many individuals to seek refuge in the United States citations. As 
more first generation migrants settle within welcoming countries the likelihood for 
individuals to become victims of homicide or other violent crimes also increases citations 
– where is your evidence for this assertion?. The isotopic variation observed here from 
international communities could potentially aid in future identifications. Additional stable 
isotope analysis must be explored within these communities to codify the relationships 
demonstrated within this study. It is the authors’ hope that these data sets can be 
expanded and utilized by practitioners in proveniencing unidentified human remains 
found within New England and especially Colombia.  
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APPENDIX 
 
Table 1. Boston University Anatomical Gifts and Oral Surgery Center Extraction 
δ18O and 87Sr/86Sr Values *All extracted 87Sr/86Sr values are from Lustig (2013). 
 
Sample no. Birth Region Tooth Type Date of Extraction Age Sex δ
18O 
87Sr/86Sr
* 
BU-US 4 Albania Molar 15-Oct-12 62 Male -7.17 0.708814 
BU-US 72 Arkansas Incisor 11-Apr-12 59 Male -5.22 0.71003 
BU-US 33 Cape Verde Incisor 7-May-13 23 Female -6.75 0.706909 
BU-US 34 Cape Verde Incisor 13-May-13 47 Male -6.59 0.707068 
BU-US 37 Cape Verde Molar 18-Mar-13 57 Female -6.61 0.709725 
BU-US 20 Dominican Republic Molar 11-Dec-12 29 Female -4.91 0.708856 
BU-US 3 El Salvador Molar 15-Oct-12 29 Female -7.65 0.709323 
BU-US 9 El Salvador Molar 5-Apr-85 27 Male -6.83 0.705736 
BU-US 69 England Pre-Molar 29-Nov-11 88 Male -5.79 0.709576 
BU-US 38 Florida Pre-Molar 27-Mar-13 33 Male -6.77 0.710359 
BU-US 11 Germany Incisor 13-Nov-12 60 Female -6.95 0.708763 
BU-US 26 Guatemala Molar 5-Feb-13 44 Female -7.97 0.706148 
BU-US 36 Guatemala Molar 13-Mar-13 38 Male -9.59 0.70597 
BU-US 16 Haiti Molar 28-Nov-12 39 N/A -4.98 0.708364 
BU-US 25 Haiti Pre-Molar 29-Jan-13 47 Female -4.95 0.708333 
BU-US 27 Haiti Molar 6-Mar-13 55 Male -6.39 0.708474 
BU-US 30 Haiti Molar 7-May-13 ? Female -5.14 0.708509 
BU-US 39 Haiti Molar 7-May-13 41 Male -4.75 0.708274 
BU-US 22 Honduras Pre-Molar Unknown 43 Female -6.75 0.708069 
BU-US 31 Honduras Molar 7-May-13 24 Female -7.22 0.709148 
BU-US 43 Idaho Deciduous Incisor 5-Dec-12 9 Female -9.85 0.708088 
BU-US 57 Illinois Canine 27-Aug-10 63 Male -8.47 0.710235 
BU-US 10 Jamaica Molar 14-Nov-12 48 Male -6.94 0.70838 
BU-US 67 Kansas Incisor 10-Apr-12 93 Male -7.53 0.709788 
BU-US 56 Maine Incisor 9-Jan-11 57 Female -7.36 0.709986 
BU-US 1 Massachusetts Pre-Molar 10-Feb-12 63 Male -7.01 0.709384 
BU-US 5 Massachusetts Molar 23-Oct-12 26 Male -7.80 0.710921 
BU-US 7 Massachusetts Molar 24-Oct-12 24 Female -8.51 0.709581 
BU-US 8 Massachusetts Molar 19-Nov-12 18 Female -7.56 0.709395 
BU-US 12 Massachusetts Molar 24-Oct-12 28 Female -7.42 0.705999 
BU-US 13 Massachusetts Pre-Molar 19-Nov-12 56 Male -7.30 0.710533 
BU-US 14 Massachusetts Molar 26-Nov-12 28 Female -6.49 0.709857 
BU-US 17 Massachusetts Molar 4-Dec-12 54 Female -9.58 0.710926 
BU-US 19 Massachusetts Molar 11-Dec-12 30 Female -7.19 0.709606 
BU-US 21 Massachusetts Molar 18-Dec-12 22 Male -5.99 0.708557 
BU-US 23 Massachusetts Molar 29-Jan-13 46 Male -6.78 0.70985 
BU-US 24 Massachusetts Molar 29-Jan-13 42 Female -7.99 0.709489 
BU-US 28 Massachusetts Molar 16-Apr-13 54 Female -8.72 0.710923 
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BU-US 32 Massachusetts Molar 7-May-13 60 N/A -7.46 0.710058 
BU-US 35 Massachusetts Molar 12-Mar-14 28 Female -7.35 0.709664 
BU-US 45 Massachusetts Canine 20-May-11 95 Male -7.30 0.709837 
BU-US 46 Massachusetts Incisor 22-Dec-10 93 Female -6.93 0.710136 
BU-US 47 Massachusetts Incisor 9-Sep-10 98 Female -8.18 0.711852 
BU-US 48 Massachusetts Incisor 5-Jan-11 93 Female -7.74 0.71118 
BU-US 49 Massachusetts Incisor 30-Sep-10 90 Female -7.30 0.709944 
BU-US 50 Massachusetts Incisor 24-Oct-12 67 Male -7.50 0.710199 
BU-US 51 Massachusetts Canine Unknown 79 Male -6.95 0.711836 
BU-US 53 Massachusetts Canine 15-Aug-10 60 Male -8.08 0.710788 
BU-US 54 Massachusetts Incisor 27-Jan-11 75 Male -7.08 0.710599 
BU-US 59 Massachusetts Incisor 16-Oct-10 72 Male -8.40 0.710478 
BU-US 62 Massachusetts Incisor 5-Mar-12 85 Female -8.10 0.710669 
BU-US 63 Massachusetts Incisor 25-Apr-12 71 Female -6.80 0.710063 
BU-US 64 Massachusetts Canine 17-May-12 89 Male -6.97 0.709925 
BU-US 65 Massachusetts Incisor 3-Jul-12 90 Male -6.63 0.710497 
BU-US 68 Massachusetts Incisor 9-May-12 96 Female -7.18 0.711876 
BU-US 71 Massachusetts Incisor 12-May-12 79 Male -6.92 0.710316 
BU-US 73 Massachusetts Molar 13-Apr-12 90 Female -8.41 0.711023 
BU-US 74 Massachusetts Incisor 31-May-12 82 Female -8.50 0.711155 
BU-US 75 Massachusetts Incisor 15-Feb-12 71 Female Error 0.707612 
BU-US 77 Missouri Incisor 27-Jan-12 92 Male -7.71 0.709438 
BU-US 6 Morocco Molar 23-Oct-12 31 Male -9.63 0.709312 
BU-US 29 Morocco Molar 7-May-13 33 Male -6.11 0.710041 
BU-US 2 New York Molar 6-May-13 24 Female -7.37 0.709477 
BU-US 18 New York Molar 11-Dec-12 28 Female -8.12 0.709652 
BU-US 41 New York Molar 1-Aug-11 22 Male -7.85 0.709341 
BU-US 42 New York Deciduous  Incisor Unknown 14 Male -7.42 0.709219 
BU-US 44 New York Canine 20-Oct-10 59 Female -6.01 0.709733 
BU-US 58 New York Fragmented 12-Nov-10 89 Female -6.83 0.711363 
BU-US 76 New York Canine 14-Jul-12 88 Female -8.95 0.710263 
BU-US 15 North Carolina Molar 27-Nov-12 30 Female -6.39 0.709666 
BU-US 60 Ohio Incisor 15-Jan-11 94 Female -8.13 0.70985 
BU-US 52 Pennsylvania Incisor 15-Feb-11 81 Male -6.86 0.710218 
BU-US 55 Rhode Island Incisor 24-Nov-10 93 Female -10.35 0.71036 
BU-US 70 Unknown Incisor 27-May-12 81 Female -9.22 0.711422 
BU-US 61 Washington Canine 18-Jan-12 80 Male -7.97 0.706405 
BU-US 66 Washington DC Fragmented 6-Jun-12 94 Male -6.32 0.710048 
BU-US 40 Wisconsin Pre-Molar 8-May-13 52 Male -8.50 0.710359 
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Table 2. Medellín, Colombia Skeletal Collection δ18O and 87Sr/86Sr Values*All 
Colombian 87Sr/86Sr values are from Row (2013). 
 
Sample 
no. 
Birth 
Department Tooth Type 
Date of 
Death Age Sex δ
18O 87Sr/86Sr* 
BU-C 78 Antioquia Molar 16-Dec-95 25 Male -11.95 0.70633 
BU-C 79 Antioquia Molar 8-Aug-96 27 Female -9.58 0.70755 
BU-C 80 Antioquia Molar 17-Mar-95 25 Male -10.59 0.707 
BU-C 82 Antioquia Molar 16-Jul-96 27 Male -10.54 0.70735 
BU-C 83 Antioquia Canine 6-Jun-96 44 Male -10.73 0.70889 
BU-C 84 Antioquia Molar 6-Jun-96 44 Male -10.32 0.70599 
BU-C 85 Antioquia Pre-Molar 7-Mar-96 71 Male -8.88 0.70702 
BU-C 86 Antioquia Molar 29-Jan-96 65 Male -11.51 0.70759 
BU-C 87 Antioquia Pre-Molar 6-Feb-96 32 Female -10.17 0.70695 
BU-C 88 Antioquia Pre-Molar 29-Jul-96 28 Male -10.65 0.71043 
BU-C 89 Antioquia Molar 27-Jun-95 87 Male -9.21 0.70943 
BU-C 90 Antioquia Molar 8-Aug-95 50 Male -10.88 0.70833 
BU-C 92 Antioquia Molar 17-May-95 12 Male -11.77 0.7074 
BU-C 93 Antioquia Pre-Molar 6-Jan-95 17 Male -12.35 0.70641 
BU-C 95 Antioquia Canine 25-Feb-96 55 Male -11.22 0.70504 
BU-C 96 Antioquia Canine 17-Nov-95 41 Male -11.22 0.70552 
BU-C 97 Antioquia Pre-Molar 17-Nov-95 41 Male -12.18 0.70681 
BU-C 98 Antioquia Molar 19-Apr-95 25 Male -12.33 0.70834 
BU-C 102 Antioquia Molar 14-Mar-95 21 Male -12.42 0.70514 
BU-C 103 Antioquia Canine 17-Dec-96 61 Male -12.20 0.70744 
BU-C 104 Antioquia Molar 22-Jun-95 54 Male -11.87 0.70718 
BU-C 105 Antioquia Pre-Molar 7-Aug-96 36 Male -12.04 0.70756 
BU-C 106 Antioquia Molar 7-Aug-96 36 Male -10.88 0.70752 
BU-C 110 Antioquia Molar 11-Sep-96 52 Male -11.00 0.70652 
BU-C 111 Antioquia Molar 16-Oct-96 10 Male -12.00 0.7072 
BU-C 112 Antioquia Pre-Molar 18-Feb-96 31 Male -12.07 0.70663 
BU-C 113 Antioquia Molar 18-Feb-96 31 Male -11.42 0.70669 
BU-C 114 Antioquia Canine 13-Oct-95 65 Male -12.03 0.70716 
BU-C 115 Antioquia Pre-Molar 15-Jun-96 22 Male -11.79 0.70671 
BU-C 116 Antioquia Molar 30-Jun-95 28 Male -12.80 0.70675 
BU-C 117 Antioquia Pre-Molar 11-Nov-95 26 Male -12.20 0.70479 
BU-C 120 Antioquia Molar 10-Jun-95 17 Male -12.34 0.70692 
BU-C 121 Antioquia Molar 9-Sep-95 26 Male -12.43 0.70687 
BU-C 122 Antioquia Molar 12-Jan-96 17 Male -11.93 0.70755 
BU-C 123 Antioquia Incisor 12-Jun-95 33 Male -11.00 0.70707 
BU-C 124 Antioquia Molar 12-Aug-16 17 Male -11.71 0.7076 
BU-C 125 Antioquia Molar 12-Aug-95 17 Male -11.22 0.70713 
BU-C 126 Antioquia Molar 17-Aug-95 40 Male -11.91 0.70692 
BU-C 127 Antioquia Molar Unknown Unknown Male -11.17 0.7073 
BU-C 128 Antioquia Molar 16-Sep-95 25 Male -11.27 0.70667 
BU-C 129 Antioquia Molar 12-Sep-95 15 Male -9.83 0.70652 
BU-C 130 Antioquia Molar 15-Sep-95 39 Male -9.55 0.7071 
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BU-C 131 Antioquia Canine 17-Nov-96 23 Male -7.21 0.70938 
BU-C 132 Antioquia Pre-Molar 17-Nov-96 23 Male -8.74 0.70992 
BU-C 133 Antioquia Canine 2-Nov-95 17 Male -11.42 0.70604 
BU-C 134 Antioquia Molar 2-Nov-95 17 Male -10.84 0.70617 
BU-C 135 Antioquia Molar 15-Jul-96 22 Male -10.39 0.70753 
BU-C 136 Antioquia Pre-Molar 31-Jul-96 59 Male -11.38 0.70631 
BU-C 137 Antioquia Incisor 27-Jul-96 25 Male -9.21 0.70716 
BU-C 138 Antioquia Molar 14-Jul-96 27 Male -13.17 0.70679 
BU-C 139 Antioquia Canine 17-Aug-96 64 Male -13.39 0.70799 
BU-C 140 Antioquia Molar 17-Aug-96 64 Male -12.13 0.70706 
BU-C 141 Antioquia Pre-Molar 3-Oct-96 30 Male -10.28 0.71459 
BU-C 142 Antioquia Molar 3-Oct-96 30 Male -9.07 0.71525 
BU-C 143 Antioquia Molar 24-Sep-96 19 Male -11.55 0.70934 
BU-C 144 Antioquia Molar 29-Sep-96 26 Male -10.61 0.70783 
BU-C 145 Antioquia Pre-Molar 30-Sep-96 17 Male -11.07 0.70737 
BU-C 146 Antioquia Molar 30-Sep-96 17 Male -8.89 0.70756 
BU-C 147 Antioquia Canine 31-Jul-96 37 Male -10.44 0.70726 
BU-C 148 Antioquia Molar 13-Oct-96 55 Male -10.88 0.70755 
BU-C 149 Antioquia Pre-Molar 25-Oct-96 30 Male -10.78 0.70739 
BU-C 150 Antioquia Molar 24-Sep-96 19 Female -11.42 0.70659 
BU-C 81 Atlántico Pre-Molar 11-Dec-96 47 Male -10.00 0.70706 
BU-C 99 Atlántico Molar 10/20/1995 42 Female -8.73 0.70817 
BU-C 118 Boyacá Pre-Molar 6-Jan-96 23 Male -12.90 0.7066 
BU-C 119 Boyacá Molar 6-Jan-96 23 Male -11.54 0.70672 
BU-C 107 Caldas Pre-Molar 2-May-96 63 Female -11.69 0.70693 
BU-C 108 Chocó Pre-Molar 2-Sep-95 54 Female -10.80 0.70656 
BU-C 109 Chocó Molar 2-Sep-95 54 Female -6.62 0.7066 
BU-C 151 Chocó Molar 28-May-96 17 Male -11.10 0.70753 
BU-C 91 Cundinamara Molar 20-May-95 48 Male -11.08 0.70803 
BU-C 94 Quindío Pre-Molar 2-Nov-95 38 Male -11.24 0.70631 
BU-C 100 Risaralda Molar 15-Dec-96 41 Male -11.91 0.70722 
BU-C 101 Risaralda Molar 15-Dec-96 41 Male -12.66 0.70678 
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Table 3. Descriptive Statistics of Populations of Interest 
	
Region of 
Origin 
 δ18O   87Sr/86Sr   
 n Mean ± S.D. Minimum Maximum Mean ± S.D Minimum Maximum 
Massachusetts 34 -7.52 ± 0.75 -9.58 -5.99 0.71014 ± 
0.00115 
0.70599 0.71188 
New York 7 -7.51 ± 0.94 -8.95 -6.01 0.70986 ± 
0.00074 
0.70922 0.71136 
Cape Verde 3 -6.65 ± 0.09 -6.75 -6.59 0.70790 ± 
0.00158 
0.70691 0.70973 
El Salvador 2 -7.24 ± 0.58 -7.65 -6.83 0.70753 ± 
0.00254 
0.70574 0.70932 
Dominican 
Republic 
1 -4.91 ± 0.00 -4.91 -4.91 0.70886 ± 
0.00000 
0.70886 0.70886 
Guatemala 2 -8.78 ± 1.15 -9.59 -7.97 0.70601 ± 
0.00013 
0.70597 0.70615 
Haiti 5 -5.24 ± 0.66 -6.39 -4.75 0.70839 ± 
0.00012 
0.70827 0.70851 
Honduras 2 -6.99 ± 0.33 -7.22 -6.75 0.70861 ± 
0.00076 
0.70809 0.70915 
Jamaica 1 -6.94 ± 0.00 -6.94 -6.94 0.70838 ± 
0.00000 
0.70838 0.70838 
Antioquia 62 -11.1 ± 1.19 -13.39 -7.21 0.70746 ± 
0.00173 
0.70479 0.71525 
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